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MinireviewShifty Ciliates: Frequent Programmed
Translational Frameshifting
in Euplotids
gene occasionally shift reading frames and continue
synthesis into pol, producing a Gag-Pol fusion protein.
The frequency of this frameshift is as much as 10,000-
fold greater than the estimated rate of spontaneous
translational frameshifting. The sequence of the region
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Among the simplest types of programmed frameshifts
are “1 shifty stops” (Weiss et al., 1987). These sites
Recent work suggests that there is a high frequency consist of a poorly recognized termination codon imme-
of programmed 1 translational frameshifting in cili- diately preceded by a sequence that can allow a tRNA
ates of the Euplotes genus. Frequent frameshifting to slip 1 on the mRNA while still maintaining at least
may have been potentiated by stop codon reassign- two base pairs. For example, in the prfB gene of Esche-
ment, which is also a feature of this group. richia coli, a1 frameshift occurs at the sequence CUU-
UGA-C, shown in codons of the upstream, unshifted
The way in which genetic information is translated into ORF (reviewed in Baranov et al., 2002). The signal UGA-C
proteins had been considered universal: all organisms is recognized particularly poorly by peptide release fac-
were thought to use a standard genetic code. Amaz- tor II (RF2), itself the product of the prfB gene. RF2
ingly, the hard wiring of translation implicit in the genetic recognizes UGA stop codons and triggers termination
code now appears itself to be subject to change. The of translation. When the concentration of RF2 falls below
ciliated protozoa appear to have taken the greatest liber- the optimal concentration, recognition of the “internal”
ties with the so-called universal genetic code. Members UGA codon in prfB mRNA is slowed, causing a transla-
of this group have the heaviest concentration of nuclear tional pause with the peptidyl-tRNA in the ribosomal P
non-standard genetic codes recognized to date, typi- site bound to the CUU codon. Frameshifting is thought
cally using canonical stop codons to code instead for to occur by the peptidyl-tRNA slipping from CUU to the
amino acids (see Lozupone et al., 2001; Tourancheau et UUU codon overlapping in the 1 reading frame. This
al., 1995). For example, members of the genus Euplotes mechanism provides an autogenous control loop, opti-
decode the conventional UGA stop codon as cysteine. mizing expression of RF2, since a decrease in RF2 con-
In contrast, Tetrahymena and Paramecium retain a UGA
centration would tend to increase its expression, but an
stop codon, but decode the other two stop codons as
increase would tend to decrease it.
glutamine, and it appears that this code has evolved
Frequency of Frameshifting in Euplotes
independently up to five times.
The first report of a putative frameshifting event in aChanges to decoding can be subtler than the evolu-
euplotid gene was for an open reading frame (ORF2)tion of a non-standard genetic code. Often, mRNA se-
encoding a tyrosine-type recombinase in the Tec2quences evolve to force a local change in the rules of
transposons of Euplotes crassus (Doak et al., 2003; Jahndecoding, for example decoding a specific termination
et al., 1993). Because a number of mobile elements werecodon as sense, or shifting the ribosome’s reading
known to require frameshifting for gene expression (re-frame. A number of reports over the last few years indi-
viewed in Farabaugh, 2000), this observation providedcate that euplotids have also taken these types of liber-
little reason to believe that frameshifting would be com-ties with the code. Though the absolute numbers remain
mon in Euplotes cellular genes. However, more recentsmall, a significant fraction of available euplotid genes
studies indicate that frameshifting may indeed be fre-appear to require a 1 translational frameshift to pro-
quent. Evidence for frameshifting has been obtainedduce a functional protein. Sequence identities among
for genes encoding the regulatory subunit of cAMP-the putative frameshift sites suggest that they occur as
dependent protein kinase (PKAR) and a nuclear proteinthe ribosome encounters a termination codon, sug-
kinase (EoNdr2) in E. octocarinatus (Tan et al., 2001a,gesting that the phenomenon of non-standard codes
2001b), a La motif protein (p43) in E. aediculatus (Aignerand non-canonical decoding may be mechanistically
et al., 2000), and the telomerase reverse transcriptaserelated.
(TERT) of E. crassus (Wang et al., 2002). The GenBankProgrammed translational frameshifts occur when
database includes sequences for the complete codingspecial sequences in mRNAs manipulate the ribosome
regions of only 67 genes from various Euplotes species.to cause it to change its reading frame (reviewed in
By contrast, among the 6000 genes in the yeast Sac-Baranov et al., 2002; Stahl et al., 2002). The outcome is
charomyces cerevisiae, frameshifting is required for thethat genetic information encoded discontinuously in the
expression of only two genes, encoding a subunit ofmRNA is expressed into a continuous protein product.
telomerase, EST3 (Morris and Lundblad, 1997), and anMany metazoan viruses encode open reading frames
(ORFs) that overlap, for example the retroviral gag and actin binding protein, ABP140 (Asakura et al., 1998).
pol genes. Ribosomes that reach the end of the gag Thus, only about 0.03% of yeast genes require frame-
shifting, while the limited euplotid data suggest that
5% of genes may require a frameshift for expression.3Correspondence: klobutcher@nso2.uchc.edu
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et al., 2000; Tan et al., 2001a, 2001b). All show the same
arrangement of ORFs, indicating that mRNA editing
does not result in the joining of the separate ORFs in
the mRNA prior to translation. An additional concern
is whether DNA sequencing errors might erroneously
indicate frameshifting, particularly since some of the
genes and mRNAs have been isolated by the polymer-
ase chain reaction (PCR), which can introduce errors.
This seems unlikely, as multiple independent clones of
PCR products have often been analyzed, and direct
sequencing of PCR products has also been performed
(Aigner et al., 2000; Tan et al., 2001a, 2001b).
While the nucleic-acid-based evidence for frameshift-
ing is strong, there is less information available on the
proteins. Indeed, only the La motif protein associated
with telomerase in E. aediculatus has been isolated and
analyzed (Aigner et al., 2000). A number of peptides
derived from the purified La motif protein were se-
quenced. One of the peptides was encoded within the
0 frame ORF, while the remainder were encoded by the
1 frame ORF, providing a clear indication that a single
protein was produced by frameshifting.
Conserved Sequences near 1 Frameshift Sites
During programmed frameshifting, the mRNA manipu-Figure 1. Frameshifting in Euplotes
lates the translational machinery to cause a shift in read-(A) The E. octocarinatus Eondr2 gene (black rectangle) is shown.
The frame 0 ORF begins with an ATG initiation codon and encodes ing frame. Frameshift stimulatory mRNA signals can in-
all of conserved protein kinase domain I, as well as a part of domain clude quite distant sequences or structural features.
II. The second ORF (frame 1) encodes a part of domain II, and the However, in each case the sequence of from 4 to 7 nt
remaining 10 conserved protein kinase domains. Start and stop
at the site of frameshifting is critical, as in the casecodons for the 0 and1 frame ORFs are indicated above and below
of the prfB frameshift described above. The Euplotesthe gene map, respectively. Figure based on data in Tan et al.
frameshift genes share a common sequence motif(2001b).
(B) The sequence of the E. aediculatus La motif protein mRNA in strongly resembling known 1 frameshift signals. In
the vicinity of the frameshift site is shown, along with the predicted each gene, an AAA codon, coding for lysine, immediately
translation products from the 0 and 1 frame ORFs. The AAA-UAA- precedes the stop codon of the 0 frame ORF. The stop
A motif is highlighted in gray. A frameshift at positions “1” or “2” codon is UAA, except for the Tec2 ORF 2 gene, which
would produce amino acid sequences that conform to the consen-
has a UAG stop codon (Jahn et al., 1993). There is alsosus of the “La motif,” including a highly conserved phenylalanine
a strong tendency for the first base following the stop(underlined F) residue (for details, see Aigner et al., 2000).
codon to be an A, so that the 0 frame ORF typically
ends in the sequence 5-AAA-UAA-A-3. In the vicinity
The Evidence for Translational Frameshifts of this motif, there is currently no compelling evidence
Two types of evidence are typically necessary to support for other conserved sequence elements, or structural
translational frameshifting: (1) solid sequencing data for motifs such as a secondary structure-forming region, a
the gene and mRNA, and (2) identification of a single common element of some types of frameshift sites. Tan
protein produced from the separate reading frames. In et al. (2001b) have noted that the sequence 5-CAAGAA-
all Euplotes cases, DNA sequencing revealed two sepa- 3 is often present within the 41 bases preceding the
rate ORFs that, if joined by translational frameshifting, AAA-UAA-A motif, but exact matches to this sequence
would produce a single protein product similar to homol- are not seen in all of the genes, nor is it clear how it
ogous proteins in other species. For example, serine/ could influence frameshifting.
threonine protein kinases contain twelve well-conserved The precise position of the frameshift is unknown, as
domains. In the E. octocarinatus Eondr2 protein kinase the amino acid sequence for this region has not been
gene (Figure 1A; Tan et al., 2001b), the first domain and determined for any of the Euplotes frameshift proteins.
part of the second are encoded by one ORF (frame O), However, the frameshift likely occurs near the AAA-
while the remainder of the second domain, and the other UAA-A motif. This is best illustrated using the La motif
10 domains, are encoded by a second out-of-frame ORF protein of E. aediculatus (Figure 1B). In this case, there
(frame 1). Producing a protein with all the characteris- is an extremely small overlap between the two ORFs,
tic domains would require shifting the reading frame as the 1 frame ORF has a termination codon located
forward by one base in the region of overlap between 11 bases upstream of the termination codon of the 0
the 0 and 1 ORFs. In the case of the E. crassus TERT frame ORF. As a result, the frameshift must occur some-
gene, three separate ORFs exist, so two 1 frameshifts where in this short region. Moreover, this region repre-
would be required to produce the protein (Wang et al., sents part of the conserved La motif, and a frameshift
2002). at either the first or second codon upstream of the 0
With the exception of the Tec2 transposon ORF2 gene frame stop codon would optimize amino acid sequence
and the E. crassus TERT gene, cDNA copies of the conservation (Figure 1B and see Aigner et al., 2000).
Similar arguments can be made for the other genes. InmRNAs for all of the genes have been sequenced (Aigner
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Table 1. Frequency of Stop Codon Usage in Euplotesa
Stop Codon-Trinucucleotide
UAA (87.9%) UAG (12.1%)
Stop Codon-Tetranucleotide
UAA-A (37.9%) UAG-A (1.7%)
UAA-G (15.5%) UAG-G (0.0%)
UAA-C (3.4%) UAG-C (5.2%)
UAA-U (31.0%) UAG-U (5.2%)
a Based on 58 Euplotes non-transposon, protein-coding genes
available in the Transterm database (http://uther.otago.ac.nz/
Transterm.html).
codon and its 3 nearest neighbor nucleotide. Certain
tetranucleotides are recognized poorly by RF in vitro,
and these same signals can stimulate frameshifting in
vivo, presumably because their recognition is slow
enough to allow time for the rare stochastic tRNA slip-
page thought to cause the shift in frame.
The proposed model requires that UAA, and more
specifically UAA-A, is a poorly recognized termination
signal in euplotids. At first glance, this does not appear
to be the case. Based on the analysis of 58 non-transpo-
son, protein-coding genes, 87.9% of the Euplotes open
reading frames (mainly predicted) have UAA as a termi-
nator, and 37.9% end in UAA-A (Table 1). This raises
the following conundrum: if UAA-A is frequently used
as the “normal” termination signal, how is it capable of
Figure 2. Model of the Euplotes 1 Translational Frameshift stimulating translational error at frameshift sites?
The figure shows a ribosome encountering the AAA-UAA-A We suggest that the reassignment of the UGA stop
frameshift site. See text for details. codon to a cysteine codon in euplotids has also resulted
in poor recognition, and inefficient termination, for UAA
codons. Stop codon reassignment is thought to requirethe case of the EoNdr2 protein kinase, a frameshift at the
lysine codon preceding the 0 frame stop codon would two steps (Osawa et al., 1990): (1) the development of
a tRNA capable of decoding one of the stop codons,produce a protein with maximum sequence similarity
to protein kinase domain II (Figure 1A; see Tan et al., and (2) the loss of the ability of the RF to recognize the
stop codon. In regard to the second step, a single re-2001b).
Possible Mechanism of the 1 Frameshift lease factor (eRF1) recognizes all three conventional
stop codons in eukaryotes. Changes in the amino acidThe putative frameshift signal in euplotid genes can be
considered a shifty stop (Weiss et al., 1987). A ribosome sequence of eRF1 at positions involved in interacting
with one or more of the three nucleotides comprising atranslating up to the site would stop with the AAA codon
in the ribosomal P site and the UAA (or UAG) stop codon stop codon are thought to be necessary for the loss of
recognition for particular stop codons. Indeed, a numberin the A site (Figure 2). If a peptidyl-tRNALys were to slip
1 from AAA to AAU then another lysyl-tRNALys could of workers have characterized the sequences of eRF1
proteins from ciliates that have undergone stop codonenter the A site, accept the transfer of the peptide, and
translocate to the P site. Translation would continue in reassignment in an attempt to determine which residues
are involved in recognizing stop codons (e.g., Inagakithe 1 frame.
Two questions arise from the above model. First, why and Doolittle, 2001; Lozupone et al., 2001; Muramatsu et
al., 2001). Since the three stop codons share nucleotideis AAA always the last codon decoded in the 0 frame
rather than other potential “slippery” codons such as determinants, the same amino acid changes that block
recognition of one stop codon may reduce the efficiencyUUU, CCC, or GGG? The finding implies that AAA, or
its cognate tRNA, has some special feature. In the yeast of recognition of one or both of the remaining stop co-
dons. In the case of Euplotes, recognition of the UAASaccharomyces cerevisiae, 1 frameshifting results
from an abnormal codon·anticodon interaction at the stop codon might be particularly impaired, as it shares
two nucleotide positions in common with the reassignedequivalent codon (reviewed in Stahl et al., 2002).
Whether this is true in euplotids is unclear since no UGA stop codon, while the UAG stop shares only one.
Impaired or slow recognition of stop codons at naturalinformation is available about their tRNAs.
Second, why is termination at the UAA codon slow termination sites may cause few problems in protein
synthesis, but in the context of a shifty codon (such asenough to allow frameshifting? Termination codons rec-
ognized poorly by release factor (RF) can stimulate AAA in Euplotes), it could serve to enhance the fre-
quency of frameshifting. There is some evidence in sup-frameshifting (reviewed in Bertram et al., 2001). In both
prokaryotes and eukaryotes, RF appears to recognize port of this hypothesis. Seit-Nebi et al. (2002) introduced
amino acid changes into the human eRF1 protein, somea tetranucleotide sequence consisting of the termination
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of which corresponded to residues present in the Para- grammed frameshifting frequently results when the rate
mecium eRF1, which recognizes only UGA stop codons. of a canonical process, such as termination, is reduced
A number of these altered human eRF1 proteins dis- sufficiently to allow a normally extremely unlikely nonca-
played greatly impaired recognition of UAA and UAG nonical process, like frameshifting, to proceed. It may
stops in vitro, but, in addition, showed modest reduc- be, therefore, that reassigning terminators will inevitably
tions in the recognition of UGA stop codons. enhance the ability to evolve programmed frameshifts.
Outstanding Issues It will be of great interest to see if shifty stop 1 frame-
Information on the mechanism of the1 frameshifting in shifting is frequent in other species that have undergone
euplotids is clearly needed. If translational frameshifting termination codon reassignment.
proves to be as common as the current limited data set
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A more general evolutionary question arises from the
proposal that stop codon reassignment and frameshift-
ing are related. That is, is the tendency to frameshifting
a necessary outcome of reassigning termination codons
to be decoded as sense? Most codon reassignments
are in fact of termination codons, perhaps because that
type of reassignment is less deleterious, but also be-
cause the reassignment may require only a small adjust-
ment of the competition between RF and nonsense sup-
pressor tRNA in the ribosomal A site (Lozupone et al.,
2001). Adjusting competition certainly would eventually
require restricting recognition of the reassigned termina-
tion codon, and, as we have discussed, this may reduce
recognition of one of the remaining terminators. Pro-
